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ABSTRACT
An experimental investigation has been developed to characterize heat transfer in components of a reciprocating
compressor adopted for household refrigeration. Measurements were carried out with heat flux sensors and
thermocouples and allowed the characterization of local heat transfer in different locations, such as the compressor
shell and the electrical motor. The results show a great effect of the lubricating oil in the heat transfer process at the
upper region of the compressor shell where the oil forms an impinging jet.

1. INTRODUCTION
During the compression process a considerable amount of heat is generated inside the compressor, increasing
superheating and, as a consequence, decreasing the compressor performance. Moreover, other heat sources inside
the compressor shell, such as the electrical motor, also contribute to superheating. According to Ribas Jr. et al.
(2008), superheating represents 49% of the thermodynamic loss in household reciprocating compressors. Several
attempts have been made to provide a better understanding of heat transfer inside the compressor and alternatives to
reduce superheating. However, thermal analysis of compressors is a difficult task due to its geometric complexity,
which does not allow simple modeling approaches. In order to find alternatives to reduce superheating losses, it is of
paramount importance the understanding of all relevant factors that increase the temperature of the refrigerant along
its path from the suction line to the compression chamber.
Several papers in literature are concerned with numerical models to predict heat transfer in reciprocating
compressors. Todescat et al. (1992) and Ooi (2003) adopt integral formulations and, by applying mass and energy
balances to control volumes, obtain the compressor thermal profile. Other studies are based on a differential
formulation for the entire domain, including the gas and solid components of the compressor, but at a high
computational cost (Raja et al., 2003). Finally, a third group of methodologies (Almbauer et al., 2006; Ribas Jr.,
2007) combine integral and differential formulation to form the so called hybrid models.
Heat transfer in reciprocating compressors has also been reported through experimental works (Meyer and
Thompson, 1990; Kim et al., 2000), with thermocouples being usually used to measure the temperature of the gas in
different components. Then, by applying energy balances, the heat transfer process through the component wall is
characterized by the concept of an equivalent thermal conductance (UA). Nevertheless, only temperature sensors
instrumentation is not enough to obtain a detailed description of all associated phenomena, such as the local
characterization of heat exchange between the gas and surfaces.
Heat flux sensors have been employed in several applications, such as in agrometeorology (Silberstein et al., 2001),
material processing (Sabau and Wu, 2007), thermal analysis of human body (Kurazumi et al., 2008), solar heat gain
in buildings (Marinoski et al., 2006) and refrigeration (Melo et al., 2000). In the case of reciprocating compressors,
heat flux sensors (HFS) have been used by Shiva Prasad (1992), with measurements of instantaneous temperature
and heat flux in several locations of the compression chamber of a 900 rpm reciprocating air compressor. The major
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aim of the research conducted by Shiva Prasad (1992) was to verify the influence of the regenerative heat transfer on
the compressor capacity.
The present paper reports an experimental investigation aimed at characterizing the heat transfer process in a
household reciprocating compressor. Temperature and heat flux measurements are carried out in several regions of
the compressor shell and at the stator of the electrical motor, being validated through comparisons with results
derived from energy balances. Additionally, measurements of heat flux and temperature are combined to obtain
local heat transfer coefficients.

2. EXPERIMENTAL PROCEDURE
Both internal and external surfaces of a hermetic reciprocating compressor shell, as well as the stator of its electrical
motor, were instrumented with heat flux sensors (HFS) and thermocouples. The shell internal surface was divided
into eleven regions, whereas ten regions were adopted for the external surface, as can be seen on Figure 1. Each
region was instrumented with one HFS, with the exception of regions i2 and i3, where two sensors were used
instead. Additionally, heat flux at the external regions e6 and e7 were evaluated from an analytical solution available
for fins. The stator of the electrical motor was divided into four regions, as shown in Figure 2. Most of the HFSs
employed in the present work is provided with a thermocouple to measure also its surface temperature, with the
exception of a different type of HFS needed in region i11.
The working principle of a HFS consists on a self-generated voltage output proportional to a heat flux excitation.
Such a voltage signal (E) is the result of temperature difference (ǻ7 across the thickness of the HFS, which is
measured by a thermocouple serial association (E = N ST ǻ7), where N and ST are, respectively, the number of
thermocouple junctions and the thermoelectric sensitivity of the materials. On the other hand, the heat flux
perpendicular to the HFS surfaces, q”, is a function of its thermal conductivity, k, thickness, t, and temperature
difference ǻ7, i.e., q” = k ǻ7 / t. Therefore, one can obtain a linear relationship between heat flux and voltage
output (q” = E / S), where S (= N ST t / k) is the sensitivity associated to a specific HFS. The value of S is provided
by the sensor manufacturer, but can also be obtained from a calibration procedure. In the present work, some HFSs
were calibrated and, because no difference higher than 10% was observed in relation to the values of S specified by
the manufacturer, the latter were considered for the measurements.
The instrumentation of HFSs on the compressor internal components is not a trivial task, due to the high temperature
levels and the presence of lubricating oil. In this respect, an epoxy-adhesive was necessary to attach the HFSs to the
surfaces and their wires were carefully positioned inside the compressor, so as to minimize disturbances in the oil
flow path along the internal surface of the compressor shell. This is a quite relevant aspect, because the lubricating
oil significantly affects the heat transfer process inside the compressor, increasing the heat loss to the external
ambient. The flow of oil in the compressor is promoted by a pump, which collects oil in the sump and, by
centrifugal action, takes it to the upper parts of the compressor shell. Figure 3 presents a schematic view of the
compressor, with the identification of the lubricating oil flow and some of the compressor main components, such as
the oil pump and the electrical motor.
Several thermocouples were also positioned in the compressor internal ambient, in order to establish a suitable
reference temperature, Tf, to estimates the local heat transfer coefficient, hc, in each region, i.e.:
hc

q"
Ts  T f

(1)

where Ts is the temperature of the sensor surface. It should be mentioned that there is a thin film of oil covering the
surfaces of internal components of the compressor, such as illustrated in Figure 4 for the shell surface. Therefore,
since the reference temperature, Tf, is measured in the gas, the heat transfer coefficient hc should be regarded as a
global heat transfer coefficient instead. Naturally, there is no such an issue for the external surface of the compressor
shell.
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(a)

(b)

Figure 1. Regions for measurements in the compressor shell: (a) internal surface; (b) external surface.

em1

em2

em3

Figure 2. Measurement regions on the electrical motor.
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Figure 3. Compressor schematic view.

Figure 4. Lubricating oil film on the internal surface of
the compressor shell.

3. RESULTS AND DISCUSSIONS
A 60Hz small reciprocating compressor operating with R134a was selected for the analysis, being submitted to two
operating conditions, represented by two pairs of evaporation and condensation temperatures: (-23.3ºC/40.5ºC) and
(-10.0ºC/90.0ºC). A calorimeter facility, built according to parameters established by standards, was employed to
test the compressor. The uncertainties associated with measurements taken with the calorimeter are lower than + 2%
for mass flow rate and power consumption and around 1% for suction and discharge pressures. The compressor was
tested five times for each operating condition. Results for heat flux, temperature and heat transfer coefficient are
presented with an uncertainty bar corresponding to a 95% confidence interval.

3.1. Validation of experimental results
The heat transfer rate through the compressor shell, , can be calculated by summing up contributions of local heat
flux measured in each one of the regions depicted in Figure 1. Thus,
=

(2)
=1

is the local heat flux on the i-nth region of the shell surface with an area equal to Ai. Values of Ai needed in
where
equation (2) are obtained from a CAD model. On the other hand, the heat rejected through the shell, , can also be
estimated from a simple energy balance applied to the compressor:
W

m hd  hs  Q

(3)

where is the compressor power consumption, m is the refrigerant mass flow rate and hs and hd are the refrigerant
specific enthalpies at the suction and discharge lines, respectively. The power consumption is measured with a power
meter and the specific enthalpies are determined from measurements of temperature and pressure at the corresponding
suction or discharge lines. According to Figure 5, there is reasonable agreement between results for obtained from
measurements, equation (2), and from energy balance, equation (3). The greater deviation is found for the external
surface, where the measured value is approximately 15% higher than that given by energy balance.

3.2. Local heat transfer analysis
Figures 6 and 7 show the results related to the heat transfer process at the internal surface of the compressor shell. From
Figure 6, one can notice high flux levels at the border of the shell cover (i9, i10, i11) and at region i6. As can be seen in
Figure 3, the oil hits the cover surface after leaving the pump, forming an impinging jet in the form of volute that
enhances heat transfer in that region. Moreover, the oil spatter increases the heat transfer in region i6, which is not
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observed in the opposite side i7. Actually, components inside the compressor, such as the discharge pipe and muffler, act
as baffles, avoiding intensive oil spatters on region i7.
Figure 6(b) depicts high values of heat transfer coefficients on surfaces i9, i10 and i6, confirming the previously
mentioned oil effect. It should be mentioned that the heat transfer coefficient was not evaluated for region i11 because
the HFS installed there had no capability for temperature measurement. When the compressor operating condition is
changed from -23.3ºC/40.5ºC to -10.0ºC/90.0ºC, the levels of heat transfer and temperature increase, although heat
transfer coefficients remain almost constant. Therefore, such an increase in heat transfer is explained by a shift in the
compressor thermal profile, as one can verify by comparing Figures 7(a) and 7(b).

Figure 5. Heat transfer rate through the compressor shell for different operation conditions.

(a)
(b)
Figure 6. Measurements at the shell internal surface: (a) heat flux; (b) heat transfer coefficients.

(a)

(b)

Figure 7. Local temperature for fluid and internal surface of the shell: (a) -23.3ºC/40.5ºC; (b) -10.0ºC/90.0ºC.
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As far as the external surface of the shell is concerned, Figure 8 shows high heat fluxes in regions e2, e4, e5 and e9,
mainly associated with high heat transfer coefficients (Figure 9). Such regions correspond to the side of the compressor
shell that is exposed to the air flow supplied by a fan installed inside the compartment in which the compressor is tested.
Temperature and air velocity levels inside the compartment were controlled according to standards for compressor
testing.
Finally, one can observe that the heat flux levels on the external surface are also increased when the operation condition
is changed from -23.3ºC/40.5ºC to -10.0ºC/90.0ºC. As already verified for the internal surface, such an increase is related
to a shift in the temperature profile on the external surface.
Turning the attention to the electrical motor, Figure 10(a) indicates that region em1 presents the highest heat flux,
whereas heat fluxes in the remaining surfaces are much lower and similar to each other. This occurs in this way
because region em1 is positioned very close to the suction muffler, which is the component inside the compressor
with the lowest temperature level. As Figure 10(b) shows, the magnitudes of the heat transfer coefficient, hc, are
roughly the same in all surfaces of the electrical motor. Therefore, the high heat flux observed in region em1 is
connected to a greater temperature difference between the surrounding fluid and the surface, as demonstrated by
Figure 11. It should be noticed the considerable uncertainty related to the heat transfer coefficient in region em3, due
to the difficult of accurately measuring the small temperature difference between the surface and the fluid (Figure
11).
As already verified for the compressor shell, when the operating condition is changed to -10.0°C/90.0°C there is also
an increase in both the heat released by the electrical motor and the temperature levels. One can notice that the heat
flux increase in region em1 is essentially caused by a greater temperature difference between the fluid and the
surface. However, such a temperature difference for the other regions (em2, em3 and em4) remains very small,
making it difficult for measurements with thermocouples.

(a)
(b)
Figure 8. Measurements at the shell external surface: (a) heat flux; (b) heat transfer coefficients.

(a)
(b)
Figure 9. Local temperature for fluid and external surface of the shell: (a) -23.3ºC/40.5ºC; (b) -10.0ºC/90.0ºC.
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(a)
(b)
Figure 10. Measurements at the electrical motor: (a) heat flux; (b) heat transfer coefficients.

(a)
(b)
Figure 11. Difference between the temperatures in the fluid and on the electrical motor surface:
(a) -23.3ºC/40.5ºC; (b) -10.0ºC/90.0ºC.

4. CONCLUSIONS
This paper reported an experimental investigation of the heat transfer phenomenon at the surfaces of the shell and
electrical motor of a small reciprocating compressor. To this purpose, heat flux sensors and thermocouples were
employed, allowing the characterization of local heat transfer coefficients in several regions of such components. The
measurements were validated through energy balance applied to the compressor. The results provided a clear evidence of
the role played by the lubricating oil on the compressor heat rejection, especially in the upper regions of the compressor
shell. The investigation will be extended to include measurements for other components of the compressor, such as
cylinder and suction and discharge mufflers.

NOMENCLATURE
A
hc
h
k
q”
T

area (m2)
convective heat transfer coefficient (Wmí Kí)
specific enthalpy (J kgí)
thermal conductivity (WmíKí)
refrigerant mass flow rate (kg s-1)
heat flux (Wmí)
compressor heat loss (W)
temperature (oC)
compressor power consumption (W)

Subscripts
d
discharge line
i
i-th shell surface region
s
surface, suction line
f
refrigerant fluid
Greek symbols
¨difference
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